S ystolic blood pressure (BP) and pulse pressure (PP) are known to be higher when assessed at the brachial artery compared with the aorta because of PP amplification across the arterial tree.
Intense research has been recently performed on the clinical relevance of central BP assessed noninvasively using different techniques, and reference values have been recently estimated. 1, 3 A crucial remaining question is whether central BP offers significant improvement in cardiovascular risk assessment and stratification compared with brachial (peripheral) BP. Several studies showed superiority of central compared with brachial BP in terms of association with several indices of preclinical target-organ damage; yet these findings have not always been consistent (online-only Data Supplement).
A systematic review and meta-analysis of the evidence on the relationship of central versus brachial BP with preclinical target-organ damage were performed.
Methods

Search Strategy
A systematic literature search was performed in PubMed database to identify studies published until April 2014 providing comparative data on the association of central versus brachial BP and target-organ damage. Keywords for the search were: central pressure, target organ, left ventricular, carotid intima-media thickness, urine albumin, pulse wave velocity, or arterial stiffness. Data sources were also identified through manual search of references of articles. The study selection and data extraction were performed independently by 2 investigators (S.L. and M.E.Z.). Disagreements were resolved by consensus with a senior author (A.K.).
Abstract-Accumulating evidence suggests that central blood pressure (BP) may reflect the hemodynamic stress on target organs more accurately than brachial BP. A systematic review assessing the relationship of central versus brachial BP with preclinical target-organ damage was performed. Meta-analysis of cross-sectional data showed that central compared with brachial systolic BP was more closely associated with (1) [5] years; 69% hypertensives) reported similar correlations (P=not significant) with central (r=0.22; 95% CI, 0.14-0.29) and brachial systolic BP (r=0.22; 95% CI, 0.12-0.32). Similar findings were observed for central compared with brachial pulse pressure in terms of relationship with target-organ damage. Metaregression analyses did not reveal any significant effect of age. In conclusion, central compared with brachial BP seems to be more strongly associated with most of the investigated indices of preclinical organ damage. 
Statistical Analysis
Meta-analysis was performed based on aggregate data from selected studies for pooling the outcomes of interest, which were correlation coefficients of central and brachial BP with indices of preclinical target-organ damage. In rare cases of missing information on correlation coefficients, standardized β coefficients derived from univariate regression analysis were used because this method provides relatively accurate population effect-size estimates. 4 Random rather than fixed effects models were applied as more appropriate for balancing weights across large and small studies and to allow for variation in study effects because of the expected dispersion in the effect size across studies (attributed to factors, such as age, ethnicity, and methodology). 5 Correlation coefficients were also pooled after being transformed by Fischer z-transformation. In comparing correlation coefficients (central versus brachial), Steiger z test was used. 6 Because several studies did not report correlations between central and brachial BP, the respective correlation coefficient derived from a large French cohort with cardiovascular risk factors was used in the Steiger z test. 7 Summary descriptive statistics are presented as mean±SD weighted by sample size. A standard formula for combining subgroup means and SDs from the same study was applied where necessary (eg, men/women, hypertensives/normotensives, etc). 5 When >1 articles reported results from the same cohort or a subset of the cohort, the article with the largest sample size or the most suitable data was selected. Meta-analysis regression was performed using the Stata/ SE 11 (Texas) software. Heterogeneity was tested using I 2 statistics. Publication bias was evaluated by means of Begg funnel plots and Begg and Egger statistical tests. 8, 9 Two-sided P values of <0.05 were considered significant.
Quality Assessment
Because there is no standard tool for quality assessment of such studies, the quality of the studies was rated for the following aspects:
(1) blinding of outcome data (investigators assessing target-organ damage unaware of the individual's BP status: yes=2, unclear=1, and no=0); (2) incomplete outcome data (<15%=2, not reported=1, and ≥15%=0); and (3) selective reporting (reported coefficients in the studied population=1 and reported coefficients only in subgroups=0). Higher scores indicated better quality (maximum score, 5).
Results
The initial literature search retrieved 4090 potentially eligible articles. The flow diagram of articles' selection procedure is presented in Figure S1 in the online-only Data Supplement. Eighty-five studies were included in the systematic review (Tables S1-S4) . Thirty-nine studies reported cross-sectional data on the correlation of central and brachial BP with indices of target-organ damage and were included in the metaanalysis. Several studies investigated >1 index. The Table  presents the main characteristics of the analyzed studies and the pooled correlation coefficients of central and brachial BPs (systolic and PP) with indices of target-organ damage.
Left Ventricular Mass Index
Thirteen studies provided data on the correlation between LVMI and central/brachial BP (Table) . [10] [11] [12] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Meta-analysis of 12 studies providing data on the association between LVMI and systolic BP showed significant correlations with both the central (pooled correlation coefficient, r=0.30; 95% confidence interval [CI], 0.23-0.37; Figure 1A ) and brachial systolic BP (r=0.26; 95% CI, 0.19-0.33; Figure 1B ; P<0.01 for difference, z-statistic). All studies used applanation tonometry (radial, n=8; carotid, n=4) for central BP determination in the office. The average quality score for these studies was 3.3±0.9. Begg funnel plots did not identify publication bias ( Figure S2 ), although Egger testing indicated a marginal study effect in the case of brachial BP analysis (P=0.04). Similar findings as with systolic BP were valid for central versus brachial PP ( Figure S3 ).
Carotid IMT
Ten studies provided data on the association of central and brachial BP with IMT (Table) . 13, 19, [24] [25] [26] [27] [28] [29] [30] [31] Meta-analysis of 7 studies reporting on the relationship between IMT and systolic BP showed significant correlations with both central (pooled r=0.27; 95% CI, 0.19-0.34; Figure 2A ) and brachial systolic BP (r=0.23; 95% CI, 0.16-0.30; Figure 2B ; P<0.01 for difference, z-statistic). All studies used applanation tonometry (radial, n=4; carotid, n=3) for central BP determination in the office. The average quality score for these studies was 3.7±0.8. Begg funnel plots did not identify publication bias ( Figure  S4 ), as did the Egger testing. Similar findings as with systolic BP were observed for central versus brachial PP ( Figure S5 ). The coefficient for central PP was higher than that of central systolic BP (P<0.05).
brachial systolic BP (r=0.39; 95% CI, 0.33-0.45; Figure 3B ; P<0.01 for difference, z-statistic). Most studies used applanation tonometry for central BP assessment in the office (radial, n=7; carotid, n=4), 18 19 The average quality score for these studies was 3.3±0.8. Begg funnel plots did not identify publication bias ( Figure S6 ), as did the Egger testing. Similar findings as with systolic BP were observed on the comparison of central versus brachial PP ( Figure S7 ). 
Urinary Albumin Excretion
Four studies assessed urinary albumin excretion and reported similar correlations (P=not significant, z-statistic) with central (r=0.22; 95% CI, 0.14-0.29; Figure 4A ) versus brachial systolic BP (r=0.22; 95% CI, 0.12-0.32; Figure 4B ). 19,47-49 All studies used applanation tonometry for central BP determination (3 in the office and 1 with 24-hour monitoring). Two studies assessed urinary albumin excretion by 24-hour urine protein 47,49 and 2 by urine albumin/creatinine ratio. 19, 48 The average quality score of these studies was 3±0.8. Begg funnel plots did not identify publication bias ( Figure S8 ), although Egger testing indicated a marginal study effect in the case of the central BP analysis (P=0.04). A stronger coefficient was observed for central versus brachial PP but based on only 2 studies ( Figure S9 ).
Metaregression Analyses
Metaregression analyses did not reveal any significant effect of age (P=not significant) on the association between central BP and indices of target-organ damage, although there was a trend toward stronger coefficients within the younger age range for LVMI and IMT ( Figure S10 ). When the differences in the correlation coefficients of central minus that of brachial BP with organ damage were plotted against age, again no significant effect of age was revealed ( Figure S11 ). Additional metaregression analyses in the case of LVMI and IMT did not reveal any effect of sex or the treatment status in hypertensive populations.
Discussion
Central BP is expected to better reflect the hemodynamic load on the heart and large arteries than peripheral BP, at least in the younger age range where the central-peripheral BP discrepancy may be higher. This in turn could justify the closest relationship between central BP and indices of target-organ damage, which has been proposed as the underlying mechanism for the better predictive value of central BP in terms of clinical outcomes. 2, 50 This is the first systematic review and meta-analysis of the published evidence on the relationship of central versus brachial BP with indices of preclinical targetorgan damage. Main conclusions are as follows: (1) there is strong evidence suggesting close relationship of central BP with LVMI and IMT and (2) central BP is more closely associated with all the investigated indices of preclinical organ damage compared with brachial BP, apart from albuminuria that gave similar associations. The evidence for LVMI and IMT was strong and derived from numerous studies, including >6000 participants. Both central and brachial systolic BP and PP were strongly associated with these indices; however, central BPs presented slightly higher coefficients, supporting the physiological principle that aortic BP may be more closely related to damage in specific target organs. Moreover, PP was more strongly related to carotid damage than systolic BP. Indeed, PP may better reflect the local BP pulsatility compared with systolic BP, which may impose a greater hemodynamic burden on the carotid wall leading to vascular hypertrophy and atherosclerosis. 51 The evidence on PWV was less, but again there was a marginal but significant superiority of central compared with brachial systolic BP in determining arterial stiffness. Finally, central systolic BP did not differ from brachial BP in determining proteinuria. Factors which might account for this finding are that (1) these studies included a high percentage of patients with chronic renal insufficiency, (2) there might be a special relationship of proteinuria with ambulatory and specifically nocturnal BP rather than with static office measurements, 52 and (3) kidneys may not represent a target organ directly exposed to aortic BP.
50
The findings of the present analysis were derived from cross-sectional data on the relationship between BP and target-organ damage. The superiority of central over brachial BP in determining target-organ damage confirms the hypothesis that central BP better reflects the hemodynamic stress on the heart and the large arteries; yet this superiority refers to intermediate/surrogate end points and, by itself, does not imply superiority in terms of risk stratification or prediction of hard cardiovascular events. A recent metaanalysis of 5 studies showed central PP to be associated with a marginally but not significantly higher relative risk of clinical events compared with brachial PP. 2 In addition, analysis of 4 studies showed similar risk estimates for both central and brachial systolic BP. 2 In therapeutic terms, different antihypertensive drug classes seem to exert differential effects on brachial and central BP, and for the same brachial BP reduction, a larger clinical benefit seems to be achieved with larger central BP decline. 
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Because the PP amplification across the arterial tree is higher in younger age, central BP might be a better determinant of the target-organ damage in younger individuals. 1, 54 However, metaregression analyses failed to show any significant effect of age on the relationship of central BP with organ damage. Moreover, when the differences in the coefficients of central minus brachial BP with indices of target-organ damage were plotted against age, no consistent effect of age was observed. It should be mentioned, however, that the age range in these studies extended beyond 45 years where the brachial-central BP discrepancy stabilizes to decreased levels compared with younger subjects. 1, 54 The main limitations of this analysis include the heterogeneity on the central BP estimation. Indeed, the noninvasive assessment of central BP seems to be device/ technique dependent as shown in a recent meta-analysis. 55 Radial applanation tonometry using the SphygmoCor device was the most commonly used method for office central BP estimation in studies included. However, the estimation is highly sensitive to the calibration methods, and applying transformed radial waveforms may be subject to bias.
56,57
A meta-analysis showed that the current tonometry-based estimating methods may be subject to errors when cuff BP is used for noninvasive calibration. 58 Furthermore, differences in population characteristics possibly contributed to the observed heterogeneity. To compensate for the heterogeneity, random effects models were used. Moreover, when analyses included only studies that used radial applanation tonometry (SphygmoCor), the results remained unchanged (data not shown). Finally, the analysis was based on summary statistics rather than raw data.
To our knowledge, this is the first systematic review to examine the relationship of central BP with indices of preclinical target-organ damage compared with the conventional brachial BP. Most studies examined LVMI and IMT, whereas the data for PWV and urinary albumin excretion are fewer. The findings support a slight superiority of central compared with brachial BP in determining target-organ damage, apart from albuminuria that gave similar associations. These findings are rather consistent across numerous cohort-and population-based studies and support the hypothesis that central compared with brachial BP may better reflect the subclinical damage to specific target organs.
Perspectives
The present analysis revealed a stronger relationship of central compared with brachial BP with indices of heart and large-artery subclinical damage. These findings support the physiological principle that central BP may be more representative of the hemodymanic load imposed on target organs and could provide a mirrored message for harder end points. Future outcome studies should examine the independent prognostic relevance of central BP and determine whether this adds incremental predictive value beyond conventional brachial BP in terms of cardiovascular risk stratification.
Disclosures
None. What Is New?
Kollias et al
• Recent evidence suggests a closer relationship between central blood pressure (BP) and indices of target-organ damage compared with brachial BP, which has been proposed as the underlying mechanism for superior prognostic value of central BP.
• This is the first systematic review and meta-analysis of the evidence on the relationship of central BP with organ damage compared with brachial BP.
What Is Relevant?
• There is considerable evidence on the relationship of central BP with left ventricular mass index and intima-media thickness.
• Central BP seems to present superiority in terms of association with all the investigated indices of organ damage, apart from albuminuria.
Summary
These findings support the hypothesis that central BP better reflects the hemodynamic load on heart and large arteries compared with brachial BP. Future studies should determine whether central BP adds incremental predictive value beyond brachial BP in cardiovascular risk stratification. 
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